Ciliopathies comprise a large number of hereditary human diseases and syndromes caused by mutations resulting in dysfunction of either primary or motile cilia. Both types of cilia share a similar architecture. While primary cilia are present on most cell types, expression of motile cilia is limited to specialized tissues utilizing ciliary motility. We characterized protein complexes of ciliopathy proteins and identified the conserved AAA-ATPase Ruvbl1 as a common novel component. Here, we demonstrate that Ruvbl1 is crucial for the development and maintenance of renal tubular epithelium in mice: both constitutive and inducible deletion in tubular epithelial cells result in renal failure with tubular dilatations and fewer ciliated cells. Moreover, inducible deletion of Ruvbl1 in cells carrying motile cilia results in hydrocephalus, suggesting functional relevance in both primary and motile cilia. Cilia of Ruvbl1-negative cells lack crucial proteins, consistent with the concept of Ruvbl1-dependent cytoplasmic pre-assembly of ciliary protein complexes.
Introduction
Cilia are microtubule-based, highly conserved organelles that project from the cellular surface and play a role in extracellular signal-sensing, cell motility, and the movement of extracellular fluids. According to their structure, localization, number, and main function, two distinct types of cilia can be distinguished. Primary monocilia can be found on the apical membrane of many cell types, including renal tubular cells, are usually immotile and act primarily as sensory organelles that receive signals from the cellular micro-milieu and modulate multiple intracellular signaling cascades. Motile cilia are typically found as bundles on the cell surface and actively contribute to the movement of extracellular fluids and cells by performing a coordinated beat pattern. This phenomenon is of critical importance for clearance of the airways, movement of oocytes through the oviduct, the movement of cerebrospinal fluid through the ventricular system in the brain, and for other tissues [1] [2] [3] [4] . Molecular and genetic studies from the past 15 years have established a strong link between ciliary dysfunction and numerous diseases, although the exact contributions of primary cilia to the corresponding phenotypes remain unclear 5, 6 . Prominent examples of ciliopathies are hereditary forms of polycystic kidney disease (PKD) as a consequence of the dysfunction of renal primary cilia and primary ciliary dyskinesia (PCD) as a disorder of motile cilia. Recently, there has been remarkable progress in the identification of genetic causes of these so-called ciliopathies. The majority of pathophysiological relevant genes encode proteins that are involved in the formation, elongation, or resorption of cilia, or in the regulation of cilia-associated signaling pathways [1] [2] [3] 5, 7 . These proteins are frequently organized in multi-protein complexes at the ciliary base, either localized at the basal body or the transition zone, as recently demonstrated for the Bardet-Biedl syndrome protein complex (BBSome), or nephronophthisis protein (NPHP) complexes in renal tubules 8, 9 . To identify novel components of the NPHP complex, we have previously performed several proteininteraction studies [10] [11] [12] . Interestingly, we identified the chaperone-associated protein Ruvbl1 as a novel candidate interactor in several screens using NPH proteins as bait.
Ruvbl1 (Pontin) and its paralogue Ruvbl2 (Reptin) are evolutionarily highly conserved and belong to the AAA+ superfamily of ATPases [13] [14] [15] [16] . They are components of various protein supercomplexes that link them to diverse cellular functions including chromatin remodeling, DNA damage repair, or mitotic spindle assembly 13, 14 . Mechanistically, Ruvbl1, Ruvbl2, and the two Hsp90-interactors RNA polymerase II-associated protein 3 (Rpap3) and protein interacting with Hsp90 1 domain containing 1 (Pih1d1) have been proposed to comprise the R2TP complex. This complex functions as co-chaperone for Hsp90 14 and is important for the assembly and function of large signaling protein complexes 15, 16 . Interestingly, Pih1 family proteins and the Pih1-related protein Kintoun (Ktu) have been linked to the function of motile cilia, and a role in the cytoplasmic pre-assembly of dynein arm complexes has been suggested [17] [18] [19] . Recently, mutations in PIH1D3 were identified as a cause of PCD 20, 21 . Moreover, recent proteomics studies using murine photoreceptors and isolated primary cilia from murine renal cell lines have suggested that Ruvbl1 is a bona fide ciliary protein 22, 23 . Therefore, we generated conditional mouse models to investigate the in vivo function of Ruvbl1 in different epithelia carrying either primary or motile cilia. In this study, we demonstrate that Ruvbl1 is essential in the monociliated renal tubular epithelium as well as in the multiciliated ependymal epithelium within the ventricular system. Mechanistically, our in vivo data implicate a novel function of the Ruvbl1 protein complex in the assembly and targeting of ciliary protein complexes.
Materials and methods

Mice
Transgenic mouse stem cells from a C57BL/6N background were received from EUCOMM (European Conditional Mouse Mutagenesis) and injected into SV129 blastocysts as previously described to obtain transgenic Ruvbl1 frt-fl mice 24 . Mice expressing the FLPe recombinase in the germline (ß-actin-FLPe, MGI: 2448985) and mT/mG (MGI: 3716464) reporter mice were obtained from the Jackson Laboratory and have been previously described 25, 26 . Ksp:Cre mice (MGI: 2665300) expressing the Cre recombinase under the Cadherin-16 promotor in the distal tubules and collecting ducts of the kidney were kindly provided by Peter Igarashi and have previously been described 27 . Tamoxifen-inducible Ksp:Cre mice (Ksp:Cre:ERT2, MGI: 3641108) have previously been described 28 . Tamoxifen-inducible FoxJ1:Cre mice (FoxJ1: Cre:ERT2, MGI: 3808149) were kindly provided by Brigid Hogan 29 . Genotyping for the Ruvbl1 locus was carried out using the following primers: 5′-gaagtgatgccttccctgag-3′ (fp), 5′-ccacaacgggttcttctgtt-3′ (rp1), 5′-ttggactgcagtggtgt ctc-3′ (rp2), and 5′-tgtgaaaccataccccacct-3′ (rp3). Genotyping of the other mouse lines was performed as described previously [25] [26] [27] . The mice were housed according to the standardized specific pathogen-free conditions in the animal facility of the University of Cologne. Newborn mice were killed by decapitation, and adult mice were killed by cardiac perfusion. Tissue was processed by freezing or fixation, and sera were analyzed in the Department of Clinical Chemistry at the University Hospital of Cologne or the clinical laboratory of the Department of Pediatrics of the University Hospital in Erlangen, Germany. The biochemical measurements were carried out on a Cobas Integra system (Roche) and included a kinetic assay for urea and an enzymatic assay for creatinine. The electrolytes were measured using ionselective electrodes. Tamoxifen was administered to tamoxifen-inducible knockout and control mice via intraperitoneal injection with a dose of 1 mg per 10 g body weight at the age of 10-12 weeks or 8-20 weeks to Ksp: Cre:ERT2 or FoxJ1:Cre:ERT2 mice, respectively. Induced mice were weighed twice a week and killed after reaching a maximal weight loss of 20%. For calculation of the cystic index, the cystic area and total kidney area were measured using Fiji 30 and then divided by each other.
Histology
For histological analysis of the kidney, periodic acid-Schiff (PAS) staining was performed using standard methods. Briefly, formalin-fixed, paraffin-embedded tissue was cut in 3-µm-thick sections. Paraffin was removed by xylene treatment following rehydration in graded ethanol. After 10 min of incubation in 0.9% periodic acid (Roth), the slides were stained with Schiff reagent (Merck). For nuclear counter staining, the slides were treated with Mayer's Haemalaun (Sigma-Aldrich).
Plasmids
The full-length coding sequences of human and murine Ruvbl1, human NPHP5, human NPHP10, and murine Dpcd were cloned by standard PCR amplification techniques from human HEK293T or murine NIH-3T3 cDNA. The GFP, EPS, and NPHP1-4 plasmids have previously been described 10, [31] [32] [33] . Murine Dnaaf1 was cloned by standard PCR from an EST clone (ID 6774345), and the sequence was confirmed.
For the generation of FlpIn NIH-3T3 stably expressing GFP.Ruvbl1, murine Ruvbl1 CDS was amplified from cDNA obtained from NIH-3T3 cells, first cloned into a modified pENTR Gateway vector (Invitrogen) and subsequently recombined into pgLAP3, which was a gift from Peter Jackson 34 (Addgene #19704).
Antibodies
The NPHP1 antibody has been described previously 12 Cell culture HEK293T and FlpIn NIH-3T3 cells were cultured in DMEM (Sigma-Aldrich) containing 10% FBS under standard conditions (37°C, 5% CO 2 ).
FlpIn cells
For stable expression of a murine GFP.Ruvbl1 fusion protein, FlpIn NIH-3T3 cells (Thermo Fisher Scientific) were transfected with the pgLAP3 vector containing murine Ruvbl1 CDS and Flp-recombinase expression vector (pOG44, Invitrogen) using Lipofectamine LTX (Invitrogen) 34 . Stably integrated cells were selected by Hygromycin B (InvivoGen) treatment. Genomic DNA was isolated from original FlpIn NIH-3T3 or GFP.Ruvbl1 cells using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's specifications. Stable integration of the GFP.Ruvbl1 fusion construct was tested via standard PCR methods using construct-specific primers and internal control primers.
Co-immunoprecipitation
HEK293T cells were transfected with plasmid DNA (as indicated) using a modified calcium phosphate method. After 24 h, the proteins were isolated by lysing the cells in lysis buffer (1% Triton X-100, 20 mM Tris pH 7.5, 25 mM NaCl, 50 mM NaF, 15 mM Na 4 P 2 O 7 , 1 mM EDTA, 0.25 mM PMSF, and 5 mM Na 3 VO 4 ) on ice for 15 min and centrifugation (20,000 × g, 4°C, 15 min). Flag-tagged proteins were pulled out of the supernatant using anti-Flag antibody-coupled sepharose beads (M2-beads, Sigma-Aldrich); V5-tagged proteins were precipitated using an anti-V5 antibody and Protein G beads. After a binding time of 2 h, the beads were washed three times with lysis buffer and boiled in 2× Laemmli containing 0.1 M DTT for protein denaturation. For endogenous co-immunoprecipitation, the binding time was increased to 16-20 h.
Western blot
Protein samples were separated by 10% SDS-PAGE (Invitrogen system) and blotted onto a PVDF membrane (Millipore). The membrane was blocked for 30 min in 5% BSA (PAA) and incubated with the indicated primary antibodies overnight at 4°C. After incubation with the appropriate horseradish peroxidase-coupled secondary antibodies (Dako), the proteins were visualized using homemade-enhanced chemiluminescence technology (1:1 mixture of solution A (100 mM Tris, 2.5 mM luminol, 0.4 mM coumaric acid) and solution B (100 mM Tris, 0.01% H 2 O 2 )) 35 .
Immunofluorescence staining
Cryo-conserved kidneys were sliced into 7-µm-thick sections and fixed in 4% PFA. The tissue sections were blocked in 5% normal donkey serum (NDS) and 1% bovine serum albumin (BSA) for 1 h at RT and stained with the indicated antibodies overnight at 4°C. After incubation with fluorescent secondary antibodies, the slides were washed and mounted in Prolong Gold antifade containing DAPI (Invitrogen). Paraffin-embedded tissue was processed in the same manner after deparaffinizing and rehydrating the slides using xylene and incubation with a descending series of ethanol concentrations.
For immunofluorescence staining of FlpIn NIH-3T3 cells, the cells were seeded on coverslips and labeled using standard staining techniques with the indicated antibodies. Briefly, the cells were fixed in 4% PFA for 10 min at RT and blocked in 5% NDS for 30 min at RT. Subsequent incubation with the indicated primary and secondary antibodies was followed by mounting in Prolong Gold antifade containing DAPI (Invitrogen). Immunofluorescence stainings were analyzed with an Axiovert 200M microscope (Zeiss) or a Meta 710 confocal microscope (Zeiss).
Immunoprecipitation of DBA-positive renal tubules
We used a slightly modified protocol of this method that has previously been described 36 . A whole kidney was minced using a scalpel and then digested with Collagenase II (Worthington) and RNaseI (Applichem). The obtained tubular fragments were pelleted, resuspended in 1× HBSS and incubated with biotinylated DBA for 1 h at 4°C on a shaker. Streptavidin magnetic beads (Pierce) were then added, and the samples were incubated for another hour on the shaker at room temperature. The magnetic beads were collected using a magnetic particle concentrator (Life Technologies) and washed several times with 1× HBSS. The concentrated DBA-positive renal tubules were then analyzed via western blot or quantitative real-time PCR analysis.
Quantitative real-time PCR
RNA isolation (Direct-zol TM RNA MiniPrep Kit, Zymo Research) and reverse transcription (High-Capacity cDNA Reverse Transcription Kit, ABI) of the indicated tissues were performed according to the manufacturer's protocols. Quantitative real-time PCR was performed with Power SYBR® Green Master Mix (ABI) on the QuantStudio TM 12K Flex (ABI) system using the following primers (5′ to 3′): Ruvbl1: GGGGCCTCCTGGAA CTGGCA (fp) and ACCTCGCTACCCACCATCGGG (rp); Pih1d1: CAGCGTCGTGAAAATCTCCC (fp) and GTGCCAAAAACGTCGAGTCC (rp); Rpap3: GAAGT TCCCCAGAGATGCTGT (fp) and AGCTGGCTTTTC CCTCTCAA (rp); Ift88: GGACGACCTTTACTCTGG TTTCA (fp) and AAAACCCGTGTCATTCTCCAA (rp); Kif3a: CCACCATGCCGATCAATAAGT (fp) and AGA GGCCGGCACCTAACC (rp); Wdr34: TGAACTGG ACTGAGCAGCAG (fp) and CATCTAGCCGACCAT AGGCA (rp); Actb: AAGAGCTATGAGCTGCCTGA (fp) and TACGGATGTCAACGTCACAC (rp).
Sample preparation for interactome analysis
FlpIn NIH-3T3 cells expressing GFP.Ruvbl1 (murine), GFP. RUVBL2 (human) and GFP.GFP fusion proteins were lysed in lysis buffer (1% Triton X-100, 20 mM Tris pH 7.5, 25 mM NaCl, 50 mM NaF, 15 mM Na 4 P 2 O 7 , 1 mM EDTA, 1xPIM, and 5 mM Na 3 VO 4 ) and by sonication (30% amplitude, 9 s, 0.1 s sonic, 0.9 s pause). Lysates were cleared by centrifugation (17,000 × g, 15 min, 4°C) and ultracentrifugation (165,000 × g, 20 min, 4°C). Supernatants were incubated with GFP µMACS magnetic beads (Miltenyi) for 1 h. Then, the lysates were loaded on a µMACS column, the proteins were reduced and alkylated, and on-column digestion was performed overnight as previously described 37 . Eluates were acidified the next day using 1-2% formic acid, stage-tip clean-up was performed as previously described 38 and samples were dried using a vacuum centrifuge.
nLC-MS/MS
Peptides were resuspended in 0.1% FA and separated using a 1-h gradient on an nLC coupled to a Q Exactive Plus tandem mass spectrometer (Thermo scientific) or an LTQ orbitrap XL mass spectrometer. Separation was carried out on an in-house packed 50-cm column with 1.7-μm C18 beads (Dr Maisch GmbH). The gradient consisted of two buffers: Buffer A: 0.1% formic acid and B: 80% acetonitrile, 0.1% formic acid. Linear gradients from 7 to 38% B in 60 min were used for separation with a subsequent increase to 80% B for 5 min and a reequilibration to 5% B. Peptides were then sprayed into a tandem mass spectrometer, the Q Exactive plus (60) . The resolution for MS1 spectra was 70,000 (mass range, 200-1200 mz −1 ). MS1 spectra were acquired using 1E6 as an AGC target. MS/MS spectra of the top ten most intense peaks were obtained by higher-energy collisional dissociation fragmentation. The resolution for MS/MS spectra was 35,000 at 200 mz −1 , the AGC target was 5E5, and the max. injection time was 120 ms.
Bioinformatics analysis
RAW files generated by the Q Exactive tandem mass spectrometer were processed using MaxQuant, v.1.4.1.2 with default settings. Fixed modifications were carbamidomethylation on cysteines. The variable modification was methionine oxidation. The peptide spectrum matches (PSM) and site and protein false discovery rate (FDR) were 0.01. The minimal peptide length was 7. The match between run option and label-free quantification option was enabled. Data were searched against a mouse uniprot database in fasta format from the Mus musculus, and the reference proteome was downloaded from uniprot.org on 23 February 2014. MaxQuant output (proteingroups.txt file) was uploaded in Perseus, v. 1.4.0.11. Contaminants and reverse hits were removed. Determination of significant interactors was performed using a two-tailed ttest followed by an approach similar to SAM as proposed by Tusher et al. 39 . As previously described 40 , determination of significant interactors was performed using the FDR, and s0 cutoff values are indicated in the figure legends. Stoichiometry analysis was performed using intensity-based absolute quantification (iBAQ) values as previously described 41 .
Magnetic resonance imaging and quantification of ventricle volumes
Magnetic resonance imaging (MRI) was performed on a clinical 3.0 Tesla MR system (Achieva, Philips, the Netherlands) using a dedicated small animal solenoid coil with a diameter of 40 mm and an implemented heating system to keep the body temperature constant during MR examination (Philips Research Europe, Hamburg, Germany). Animals were anesthetized by isoflurane inhalation (1.5-2.5%). High-resolution transversal and coronal T2-weighted MR images of the brain were acquired with the following parameters: Turbo Spin Echo (TSE) factor of 15, repetition time (TR) of 2000 ms, echo time (TE) of 110 ms, number of acquisition (NSA) of 1, slice thickness of 1 mm (without gap), matrix of 256 × 256, field of view (FOV) of 50 × 50 mm with a reconstructed voxel size 0.39 × 0.39 × 0.52, and an acquisition time of 2:36 min for 20 slices. After MRI examination, the mice were killed.
Ventricle volumes were measured using Fiji 30 . Ventricles were segmented manually, and volumes were subsequently measured using the 3D objects counter plugin 42 .
Electron microscopy
Mice were killed, and the ovary ducts were perfused with electron microscopy fixation buffer (4% paraformaldehyde, 2% glutaraldehyde, and 0.2% picric acid in PBS, pH 7.25-7.35). The samples were osmicated with 2% OsO 4 in 0.1 M cacodylate buffer (pH 7.2-7.3) and dehydrated in a graduated ethanol series. Epon infiltration and flat embedding were performed following standard procedures. Semithin sections (500 nm) were stained with toluidine blue. Ultrathin sections (50 nm) were cut using an Ultramicrotome Ultracut EM UC6 (Leica) and then stained with 1.5% aqueous uranylic acetate and lead citrate. Samples were analyzed with a Zeiss EM 902 electron microscope (Zeiss).
Statistics
Data are expressed as the mean ± SEM of n experiments. Statistical evaluation was performed using a twotailed Student's t test, one-way ANOVA with Tukey's post hoc analyses or two-way ANOVA with Bonferroni correction. P values less than 0.05 were considered significant.
Study approval
All animal procedures were conducted in accordance with European (EU directive 86/609/EEC), national (TierSchG), and institutional guidelines and were approved by local governmental authorities (LANUV NRW).
Results
Deletion of Ruvbl1 in renal tubular epithelial cells leads to acute kidney injury and high perinatal mortality
To study the in vivo function of Ruvbl1, we generated Ruvbl1 knockout mice by blastocyst injection of stem cells containing a "knockout-first allele" 43, 44 . We observed neither any homozygous whole-body knockout mice nor embryos at day E8.5, E11.5, or E12.5 in 35 tested embryos from seven different pregnant mothers, consistent with a previous study demonstrating that Ruvbl1 is essential during early embryogenesis 45 . Next, we generated a Ruvbl1 fl/fl line with a conditional Cre-dependent allele by crossing with a ß-actin-FLPe line followed by backbreeding to remove the Flipase transgene ( Fig. 1a, b ). Since cysts in NPH derive from distal parts of the nephron, we crossed Ruvbl1 fl/fl mice with a Ksp:Cre mouse line, which drives Cre expression in the distal tubules and collecting ducts starting at day E14.5 27 . The specificity and efficacy of Ksp:Cre mice were confirmed using a mT/mG reporter line, in which Cre activity results in a switch from tdTomato to GFP expression ( Fig. 1c) 26 . Newborn Ruvbl1 fl/fl Ksp:Cre + (tubular knockout) mice were born according to the Mendelian ratio ( Fig. 1d ), did not show any macroscopic phenotype (Fig. 1e ), and did not express Ruvbl1 in the distal tubules ( Fig. 1f ). Surprisingly, neonatal mortality within the first 24 h after birth was high in Ruvbl1 fl/fl Ksp:Cre + (Fig. 1g ) compared with Ruvbl1 fl/fl Ksp:Cre − or Ruvbl1 fl/wt Ksp:Cre + animals, with only four survivors out of 21 tubular knockout animals in the entire cohort thus far. The phenotypes of two of the four survivors are presented in Suppl. Figure 1 . The stomach of newborn tubular Ruvbl1 knockouts was visibly filled with milk, indicating normal feeding. Interestingly, the weight of the Ruvbl1 knockouts 12 h after birth was significantly higher than that of littermates ( Fig. 1h ). The Ruvbl1 knockouts did not show any signs of urine production, as the urine bladder was always found completely empty. Further analyses of the knockout animals at P1 revealed significantly increased serum creatinine ( Fig. 2a ) and serum urea concentrations ( Fig. 2b) , as well as significant hyponatremia (Fig. 2c ) indicative of acute kidney injury with subsequent fluid overload. There were no histologic changes in the major non-renal visceral or thoracic organs (Suppl. Figure 2 ). As oligohydramnios might have affected pulmonary development, we paid special attention to the lungs. There was no evidence of pulmonary hypoplasia (Suppl. Figure 2 ). Renal histology was performed at day P0; it is well known that, in contrast to humans, murine kidneys at P0 are still immature ( Fig. 2d, upper panel) . Ruvbl1 knockout kidneys displayed considerable medullary tubular dilatations and small cystic lesions (Fig. 2d, lower panel) . Consistently, the cystic index in knockout animals was significantly increased ( Fig. 2e ). To confirm that the observed cysts in c To validate the efficacy of the Ksp:Cre mouse line, it was crossed to the mT/mG reporter mouse line (R26mTmG). This line expresses a membranetagged tomato (magenta), which is replaced by expression of a membrane-tagged GFP (green) after Cre recombination. Kidneys of newborn mice were fixed in 4% formalin, treated with increasing amounts of sucrose and cryo-conserved. Next, 7-µm-thick slides were analyzed for GFP expression. Distal tubules and collecting ducts were GFP-positive. Scale bar: 1 mm. d Ruvbl1 tubular knockout mice (fl/fl, Cre + ; n = 33) were born according to the expected Mendelian ratios (total, n = 103). e Ruvbl1 tubular knockout mice (tubular KO) did not show a macroscopic phenotype in comparison to control siblings. f Immunofluorescence staining of control or Ruvbl1 tubular knockout kidneys showing no expression of Ruvbl1 (magenta) in cystic tubules, marked by aquaporin-2 (Aqp2, green) in Ruvbl1 knockout animals (tubular KO). Scale bars: 20 µm. g Eighty percent of the newborn Ruvbl1 tubular knockout animals (fl/fl, Cre + ; n = 21) died within the first days of life, whereas control animals did not (total, n = 90). h Newborn Ruvbl1 tubular knockout animals (tKO; n = 7) weighed significantly more than control (co; n = 15) or heterozygous (het; n = 3) littermates on day P0. Mean weight ± SEM. (F(2,22) = 6.243, p = 0.0071; Tukey's post hoc *p < 0.05) Ruvbl1 fl/fl Ksp:Cre + mice were derived from the distal part of the nephron, we performed immunofluorescence staining using Aquaporin-2 and Dolichos biflorus agglutinin (DBA) as markers for collecting ducts. Cyst-lining epithelia in knockout mice at day P1 stained positively for Aquaporin-2 ( Fig. 2f ) and DBA (Suppl. Figure 3) and negatively for the proximal tubule marker Lotus tetragonolobus lectin (LTL; Suppl. Figure 3) . To ultimately confirm that cystogenesis was not the result of cell death due to Ruvbl1 depletion, we crossed Ruvbl1 fl/fl Ksp:Cre + animals with the mT/mG reporter mouse line. Strikingly, cyst-lining epithelia were positive for GFP, thus proving Cre activity in these cells (Fig. 2g) , and showed only few ciliated cells (~30%, data not shown). We did not detect cyst-lining epithelia positive for Tomato. The first two animals to escape neonatal death developed signs of renal disease later in life, and both had to be killed at the age of 4 or 26 weeks, respectively. In each of these animals, one kidney was grossly cystic-dysplastic, whereas the other kidney was less severely affected (Suppl. Figure 1) . Taken together, deficiency of Ruvbl1 in the distal nephron leads to neonatal kidney injury with cystic dysplasia.
Ruvbl1 is required for maintenance of kidney function and tubular architecture
To understand whether Ruvbl1 is primarily required for renal development or whether Ruvbl1 is also important for the maintenance of renal function and tubular structure, we crossed Ruvbl1 fl/fl mice with a previously described tamoxifen-inducible Ksp:Cre line 46 . By crossing the Ksp:Cre:ERT2 line to the mT/mG reporter mouse line, we validated its specificity and efficacy (Suppl. Figure 4) . Upon tamoxifen injection at 10-12 weeks of age, Ruvbl1 fl/fl Ksp:Cre:ERT2 + animals, but not control mice, showed progressive weight loss over time and had to be killed approximately 7 weeks after induction (Fig. 3a) . Serum creatinine and serum urea levels of Ruvbl1-deficient animals were significantly increased at the time of killing (Fig. 3b, c) . To confirm the knockout of Ruvbl1 in the induced knockout animals, we precipitated DBApositive renal tubules out of the kidney and tested for the expression of Ruvbl1 by western blot and quantitative real-time PCR analyses, which revealed a significant reduction in both Ruvbl1 protein expression (Suppl. Figure 5a) and Ruvbl1 mRNA abundance (Suppl. Figure 5b ) in induced knockout compared with control animals. In addition, we examined the expression of different Ruvbl1associated and ciliary proteins at the mRNA level and demonstrated a significant downregulation of the known R2TP component Pih1d1 and the crucial ciliary proteins Ift88, and Kif3a in Ruvbl1 knockout mice (Suppl. Figure 5b) . mRNA levels of Rpap3, another subunit of the RT2P complex, were unaffected. Furthermore, we observed mild alterations in renal histology with tubular dilatations, a significantly increased kidney-to-body weight ratio and a significantly increased cystic index at the time of killing (Fig. 3d, f) . Strikingly, there were significantly fewer ciliated cells in the distal nephron in Ruvbl1-deficient animals than in control mice (48% vs 84%; Fig. 3g and Suppl. Figure 6 ). The remaining cilia in cyst-lining epithelial cells in induced knockout animals were significantly longer compared with control animals (4.08 ± 0.28 µm vs. 1.40 ± 0.06 µm; Fig. 3g ). Interestingly, the staining pattern of DBA was shifted within epithelial cells with enhanced signal intensity at the apical membrane, suggesting alterations in tubular apico-basal polarity (Fig. 3g ). These data demonstrate the impact of Ruvbl1 on the maintenance of tubular architecture, ciliary structure, and renal function in adult mice, even after completion of renal development. Loss of renal function in Ruvbl1 knockout mice may be related to the observed tubular dilatations and to reduced numbers of ciliated cells; however, neither the constitutive nor the inducible Ruvbl1 knockout animals displayed a clear and exclusive ciliopathy phenotype. Thus, we cannot exclude the possibility that Ruvbl1 affects additional cellular events in renal epithelium, resulting in loss of renal function.
Interactomic analyses of Ruvbl1
To evaluate the function of Ruvbl1 in ciliated cells, we generated FlpIn NIH-3T3 cells expressing a GFP.Ruvbl1 fusion protein (Fig. 4a ). Here, stable single-copy genomic integration led to nearly physiological levels of protein expression, as confirmed by specific immunoblotting (Fig. 4b) and quantitative real-time PCR (Suppl. Fig. 7a ). Immunofluorescence staining showed that GFP.Ruvbl1 was mainly localized to the nucleus, but also showed a cytosolic signal, thus co-localizing with endogenous Ruvbl1 (Suppl. Fig. 7b ). Furthermore, FlpIn NIH-3T3 cells expressing GFP.Ruvbl1 did not show substantial changes in cilia compared with GFP.GFP-expressing cells (Suppl. Fig. 7b ). Although there was no clear ciliary signal in the cellular immunofluorescence staining for Ruvbl1 (not shown), GFP.Ruvbl1 was specifically co-precipitated from these cells with endogenous Nphp1 (Suppl. Fig. 8a ). Additional co-immunoprecipitation experiments in HEK293T cells suggested that Ruvbl1 was also associated with NPHP2, NPHP3, NPHP4, NPHP5, and NPHP10 (Suppl. Fig. 8b-c) , emphasizing the association between Ruvbl1 and the different NPHP complexes 8, 9 . To gain an unbiased insight into Ruvbl1 functions, we performed an interactome analysis by label-free quantitative nLC MS/MS analyses after immunoprecipitation of GFP. Ruvbl1 from stable cell lines to identify components of the Ruvbl1 protein complex in mammalian cells 40 . Hierarchical clustering of protein intensities from the data set revealed a clear separation between Ruvbl1 and control immunoprecipitations (Suppl. Fig. 7c, d) . Using stringent cutoff criteria to identify significant interactors, we found 76 proteins that co-precipitated with Ruvbl1 based on five independent experiments ((FDR = 0.01 and s0 = 1), Fig. 4c and Suppl. Table 1 ). As previous reports have suggested common and distinct functions of Ruvbl1 compared with its partner protein Ruvbl2, we performed the same experiments with FlpIn cells expressing GFP. Ruvbl2 (Fig. 4d and Suppl. Table 2 ). The proteins that were co-purified with Ruvbl2 almost exclusively contained proteins from the Ruvbl1 interactome, consistently with similar functions (Fig. 4e) and confirmed previous interactome analyses in different species [13] [14] [15] [16] 47 . Estimation of complex stoichiometry using iBAQ values demonstrated a predominance of Ruvbl1 and Ruvbl2 protein copy numbers in the protein complex. Ruvbl1 and Ruvbl2 occurred at a similar molar ratio, consistent with the recently described dodecameric conformation of the Ruvbl1/2 complex composed of two heterohexameric rings [13] [14] [15] [16] 48 . Among the most abundant identified proteins were many previously known components of the Ruvbl1/2 interactomes, including the R2TP components Rap3a3 and Pih1d1 as well as components of the prefoldin chaperone complex (Fig. 4f, g) . Consistent with a possible mechanistic link to cilia function and cilia morphogenesis, onethird (25 of the 76 proteins pulled down with Ruvbl1) were mapped onto the centrosome-cilium interface Database (CCDB) of proteins obtained by proximity labeling (Fig. 4g) 49 . Furthermore, the analysis identified known ciliopathy-associated proteins, including WDrepeat domain 34 (Wdr34). Wdr34 is associated with Jeune syndrome, a chondrodysplasia associated with dysfunction of primary cilia [50] [51] [52] . Immunofluorescence staining showed normal expression and localization of Wdr34 in GFP.Ruvbl1-expressing FlpIn NIH-3T3 cells (Suppl. Fig. 7e ). Interestingly, however, Wdr34 mRNA expression was significantly reduced in renal epithelium after induced loss of Ruvbl1 (Suppl. Fig. 7f ). Additional candidates in our analysis were the motile ciliopathy protein deleted in primary ciliary dyskinesia homolog (Dpcd) 53 , as well as proteins involved in cytosolic and prefoldin-associated pre-assembly of ciliary protein complexes in multiciliated cells 54 . Remarkably, we did not identify any Nph proteins in our MS/MS data sets, suggesting that expression of Nph proteins was below detection levels. Within the increased protein population, the GO terms "chromatin modification" as well as "Ino80 complex" and "microtubular transport" were statistically overrepresented (Fig. 4h) . In summary, the interactome analyses support the conclusion that the observed renal phenotype after Ruvbl1 deletion may be the consequence of an imbalance of various cellular mechanisms influenced by Ruvbl1 and suggest that the cellular function of Ruvbl1 includes cilia-associated processes, in addition to its known extraciliary functions.
Ruvbl1 deletion in cells with motile cilia results in hydrocephalus and failed localization of ciliary dynein components
The detection of Dpcd in our interactomic analysis suggested a link between Ruvbl1 and the function of motile cilia. To uncover the role of Ruvbl1 in cells expressing motile cilia, we crossed Ruvbl1 fl/fl mice to a previously described tamoxifen-inducible FoxJ1:Cre line 29 . The conserved FoxJ1 transcription factor induces expression of genes that control the generation of motile cilia in multiple tissues, including the epithelia of airways, oviducts, or brain ventricles 55, 56 . The specificity and efficacy of the FoxJ1:Cre:ERT2 line were confirmed through the mT/mG reporter line (Suppl. Fig. 9 ) and by immunofluorescence staining in brain (Suppl. Fig. 10 ) and lung (Suppl. Fig. 11 ). Importantly, efficacy appeared to be stronger in ventricular ependymal cells than in bronchial (see figure on previous page) Fig. 4 A label-free quantitative proteomics screen identifies multiple ciliary proteins in the mammalian Ruvbl1 interactome. a Cloning strategy to generate an FlpIn NIH-3T3 cell line stably expressing a GFP.Ruvbl1 transgene. b The GFP.Ruvbl1 transgene showed nearly endogenous Ruvbl1 protein expression levels in stably integrated FlpIn NIH-3T3 cells compared with cells expressing a GFP.GFP transgene. c, d Analysis of the Ruvbl interactome (n = 5). GFP.Ruvbl1 or GFP.Ruvbl2 were immunoprecipitated and analyzed by label-free quantitative proteomics. Seventy-six proteins had a significantly increased abundance in the GFP.Ruvbl1 immunoprecipitation (Ruvbl1) compared with the control (GFP) pulldown (c). Thirty-three proteins had a significantly increased abundance in the GFP.Ruvbl2 immunoprecipitation (Ruvbl2) compared with the control (GFP) pulldown (d). In the volcano plots, the significance between groups (−log10 p value) is plotted against the log2 fold change between groups. Dots outside the curved line represent proteins with significantly increased abundance (FDR 0.01, s0 = 1). The corresponding data for the Ruvbl1/2 interactome can be found in Suppl. Tables S1 and S2. e Comparison of the Ruvbl1 and Ruvbl2 interactome. The Ruvbl2 interactome overlapped with proteins identified as Ruvbl1 interactors. f Stoichiometry analysis of Ruvbl1 and Ruvbl2 interactors. iBAQ values were normalized to Ruvbl2 to obtain an estimation of the absolute abundances of proteins within the purified complex. The ten most abundant proteins in the Ruvbl1 interactome are depicted. # marks proteins previously associated with cilia. g STRING network visualization of the Ruvbl1 interactome demonstrated a prominent representation of ciliary proteins (violet = identified in Centrosome and Cilium Database (CCDB), blue = not identified in CCDB). h Gene ontology (GO) term overrepresentation analysis of Ruvbl1 interactors compared with non-enriched proteins ("background binding proteins"). Fold enrichment of the significantly enriched GO terms is plotted for GO-MF (molecular function, black bars), GO-CC (cellular compartment, gray bars), and GO-BP (biological process, white bars) terms. Statistical enrichment was performed using a Fisher's exact test (FDR < 0.02) epithelial cells in the lung (Suppl. Fig. 9 ). After Creinduction, the Ruvbl1 fl/fl FoxJ1:Cre:ERT2 + animals, but not control mice, showed progressive weight loss over time and had to be killed approximately 7 weeks after induction (Fig. 5a ). While thoracic computer tomography and histologic examination of the lungs did not show a dramatic pulmonary phenotype (Suppl. Fig. 11 ), these animals displayed significant widening of brain ventricles as a sign of hydrocephalus and hence ciliary dysfunction (Fig. 5b) . Consistently, cerebral magnetic resonance imaging with subsequent quantification revealed a significant enlargement of ventricular volumes in Ruvbl1 fl/fl FoxJ1: Cre:ERT2 + animals compared with various controls (Fig. 5c and Suppl. Fig. 10b ). This phenotype implicates an important function of Ruvbl1 in cells with motile cilia.
Interestingly, Ruvbl1 and the motile ciliopathyassociated protein Dpcd, which were detected in our interactome analysis, were also found independently in pulldown experiments using dynein axonemal assembly factor 1 (Dnaaf1) as bait (data not shown); our data confirmed the association of Ruvbl1 with both Dnaaf1 and Dpcd (Fig. 5d-f ). Mutations in DNAAF1 32 and Dpcd 53 in humans and mice are known causes of primary ciliary dyskinesia syndromes. Thus, we assumed that a targeted deletion of Ruvbl1 in multiciliated cells would mimic a phenotype of dysfunction of motile cilia. Together with the established association of Ruvbl1 with Pih family proteins, some of which have been associated with preassembly of dynein arms, this finding suggests that Ruvbl1 could be a scaffold protein for machinery involved in the assembly of ciliary protein complexes. An important indicator of deficient pre-assembly of protein complexes in motile cilia is failed localization of dynein-associated proteins 17, 32, 57 . Therefore, we investigated ciliary and Electron-dense material corresponding to, e.g., radial spokes (marked with arrows) and outer dynein arms (marked with arrowheads) in control mice only. However, in induced Ruvbl1 knockout mice, these components could not be found. Instead, undefined protein clusters were identified in motile cilia of knockout mice (asterisks). In addition, in control mice, the nine microtubule doublets were arranged around the central pair in a nearly perfect ring shape, whereas in knockout animals the microtubule doublets were less organized (yellow circle). Scale bars: 100 nm (left) and 250 nm (right) multiciliated cells from ovary duct (Fig. 6c ). In cilia from Ruvbl1-proficient tissues, electron-dense material representing radial spokes and outer dynein arms could frequently be observed. However, these signals could not be detected in cilia of induced Ruvbl1 fl/fl FoxJ1:Cre:ERT2 + mice. Instead, undefined protein clusters that might originate from mislocalized ciliary proteins were visible only in knockout cilia. Moreover, whereas in control cilia the microtubule doublets were arranged regularly in an almost perfect circle, microtubule doublets were less organized in knockout cilia (Fig. 6c ).
Discussion
Cilia research has revolutionized our mechanistic understanding of a large number of important genetic syndromes and diseases 1, 2 . Genetic studies and a variety of model organisms combined with multi-dimensional cell culture systems have provided fundamental new cell biological and pathophysiological insights. However, the precise molecular mechanisms that control intracellular trafficking to cilia and generate its very specific protein composition are still not entirely understood. Substantial insight has been obtained from studies in the green algae Chlamydomonas reinhardtii and in zebrafish, as well as from ciliopathy-oriented genetics 1, 32, [58] [59] [60] [61] [62] . Cilia, as highly specialized microtubule-based organelles, require the proper composition and arrangement of multiprotein supercomplexes and structural components to fulfill their diverse functions. Therefore, ciliary protein components must be delivered and transported within cilia since protein biosynthesis is absent within the cilium. Ruvbl1 is involved in multiple cellular processes, and the observed phenotype of Ruvbl1 deficiency in the renal tubule is most likely the result of a complex interplay of various affected signaling pathways. However, our study adds an important novel mechanism that contributes to this field: We describe Ruvbl1 as a ciliopathy-associated protein involved in the preassembly of ciliary protein complexes. The evolutionarily highly conserved AAA-ATPase Ruvbl1 has previously been linked to ciliary biology and ciliopathies in different ways [63] [64] [65] [66] [67] [68] . Most importantly, it has been shown that the Ruvbl1 homolog in Chlamydomonas reinhardtii is upregulated during flagellar regeneration and that knockdown of ruvbl1 in the zebrafish Danio rerio is associated with a phenotype consistent with ciliary dysfunction that includes cystic kidneys [66] [67] [68] . The closely related family member ruvbl2 is associated with comparable phenotypes that have been attributed to both cilia-specific and cilia-independent processes and a role in cytosolic dynein arm formation in zebrafish [66] [67] [68] [69] . Of note, zebrafish pronephric cilia are motile cilia, in contrast to primary cilia in mammalian metanephric kidneys 70 . Our in vivo studies demonstrate a link between Ruvbl proteins and ciliary biology in mammals. We observe a renal phenotype with tubular dilatations and fewer cilia in Ruvbl1 renal knockout mice, supporting the importance of Ruvbl1 and most likely also Ruvbl1mediated pre-assembly in immotile, primary cilia. Furthermore, we describe a murine phenotype typical for motile cilia dysfunction and a common Ruvbl1-Dnaaf1 protein complex suggestive of a role for Ruvbl1 in the cytosolic pre-assembly of ciliary protein complexes. Preassembly of dynein complexes in the cytoplasm has previously been suggested for motile cilia and has been linked to proteins of the Pih family [18] [19] [20] [21] 71 .
Our study adds two novel important aspects to our understanding of ciliogenesis and ciliary maintenance.
First, we find Ruvbl1 to be crucial in motile cilia. Ruvbl1 is the scaffold protein of the R2TP complex consisting of Ruvbl1 and Ruvbl2, as well as the two Hsp90-interactors Rpap3 and the PIH protein Pih1d1 15 , and many of the functions of Ruvbl1 have been attributed to its role as a co-chaperone. The current work has identified multiple known PCD-related proteins that are involved in the cytosolic pre-assembly machinery of dyneins as part of the Ruvbl1 interactome, including the human PCD-protein DNAAF1 32, 72 . Another very recent study in zebrafish could demonstrate that Ruvbl1 is essential for the motility of cilia and stabilization of dynein arm assembly components, which is consistent with our findings 73 . Knockdown of ruvbl1 leads to a reduction of dynein arms in motile cilia and subsequent defects in the motility of cilia in several ciliated tissues in zebrafish, while Ruvbl1 is essential for the stabilization of two dynein arm assembly factors, Dnai1 and Dnai2, in mouse testis 73 . Interestingly, the function of Pih1 has previously been described for two proteins involved in dynein assembly in flagella or cilia, Ktu/Pf13 and Mot48 17, 74 . Mutations in the human KTU, also called DNAAF2, cause primary ciliary dyskinesia due to abnormal axonemal dynein arms, resulting in the same human phenotype as DNAAF1 mutations. Mutants of the homolog of ktu in medaka fish, Oryzias latipes, results in a ciliopathy phenotype including PKD 17 and thus the same phenotype as deficiency of dnaaf1 and ruvbl1 in zebrafish 67, 75 . Functional studies of pf13, the homolog of the highly conserved ktu in Chlamydomonas reinhardtii, have revealed that this protein is part of a cytosolic preassembly complex of dynein arms, and it has been suggested that Ktu can function as a co-chaperone for Hsp70 17 . Based on our findings, Ruvbl1 and the R2TPprefoldin complex may act as comparable Dnaaf1associated co-chaperones for Hsp90 in ciliary trafficking in mice. The observed phenotypes suggest that Ruvbl1 may be a major organizer of murine dynein arm complex assembly prior to delivery into the restricted ciliary compartment. Additional experimental analyses are required to examine the role of Ruvbl1 in the assembly of other ciliary protein complexes. Further components of this complex likely include other proteins such as Dpcd, prefoldin proteins, and the prefoldin-associated Wdr92, which has also been linked to the cytoplasmic assembly of dyneins 54 . Second, our in vivo data demonstrate that in addition to its role in motile cilia, Ruvbl1 is also important for murine primary cilia in vivo. It is tempting to speculate that the cilia-related function of the R2TP-Hsp90 complex goes beyond modifying dyneins in motile cilia and that similar pre-assembly mechanisms exist in primary cilia to ensure the proper orchestration of this sensory organelle. Primary cilia coordinate multiple signaling pathways, sense the environment, may act as flow sensors and have a crucial function in cell cycle regulation [1] [2] [3] [4] [5] . The entire organelle is reabsorbed and reconstructed in a cyclic fashion during the cell cycle and can contribute to intercellular signaling via exocytic vesicles 76 . As these different ciliary functions may occur simultaneously, a perfect functional organization within this organelle is crucial. Thus, "outsourcing" of quality control and of assembly steps for multi-protein supercomplexes into the cytoplasm may be required to ensure proper ciliary multitasking. Interestingly, the HSP component Hsp90α localizes to the ciliary base 77 , and inhibition of Hsp90 slows renal and hepatic cyst growth in a model of autosomal-dominant polycystic kidney disease, a bona fide ciliopathy 78, 79 . A functional link between Ruvbl1 and primary cilia is also supported by our finding that Wdr34 forms part of the Ruvbl1 protein complex and is downregulated in Ruvbl1-deficient renal tubular epithelium. Mutations in WDR34 in humans have been described as a cause of Jeune syndrome, a disease of primary cilia 51 . Furthermore, Ruvbl1 has recently been identified as a regulator of ciliogenesis in an siRNA-based functional genomics screen 80 . Most recent independent work has suggested a role for Ruvbl1 and its homolog in ciliogenesis in human epithelial cells and in Chlamydomonas reinhardtii 81 and in the co-localization of Dnaaf1 and Ift88 82 . Our data also demonstrate a downregulation of the crucial ciliogenesis components Ift88 and Kif3a in Ruvbl1deficient renal tubular epithelium. The phenotype of renal Ruvbl1-deficient mice with tubular dilatations, but without pronounced polycystic kidney disease, may not be exclusively due to ciliary dysfunction, yet our findings point to an important function of Ruvbl1 in ciliary structure and function, including an important role for the R2TP-Hsp90 complex in the pre-assembly of a subset of protein complexes targeted to cilia. In summary, we describe the highly conserved AAA-ATPase Ruvbl1 as a ciliopathy-linked protein in mice. Functionally, our data suggest a role for Ruvbl1 in the cytosolic pre-assembly of ciliary protein complexes and link the R2TP component Ruvbl1 to the structural integrity of both primary and motile cilia.
